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1. Introduction
1A list of members of the ATLAS Collaboration and acknowledgements can be found at the end of this issue.
dφ
∝ 1 + 2
∞∑
n=1
vn cos [n(φ − Φn)], (1)
The hot and dense medium created in Pb-Pb collisions at the LHC is now under detail theoret-
ical and experimental studies. A particularly useful observable for understanding the properties
of this medium is the azimuthal anisotropy of produced particles which became one of the main
signatures of the strongly coupled Quark-Gluon Plasma (sQGP) observed at the RHIC and LHC
energies. It is expected that the observed azimuthal anisotropy is sensitive to conditions at the
very early stage of evolution and it is correlated with the shape of the initial interaction region
of colliding nuclei. The initial spatial asymmetry leads to asymmetric pressure gradients in the
QGP, which result in a signiﬁcant azimuthal anisotropy in particle emission, usually expanded
into a Fourier series
dN
Recent measurements from the ATLAS experiment of the azimuthal anisotropy of charged
hadron production in the relativistic Pb-Pb collisions at the Large Hadron Collider (LHC) are
presented. The results on the integrated and diﬀerential ﬂow harmonics were obtained using
a variety of approaches, e.g. the event plane, two-particle correlations, two- and four-particle
cumulant methods, over a wide range of centrality (0-80)%, pseudorapidity (|η| <2.5) and trans-
verse momentum of 0.03-20 GeV and 45-210 GeV for charged particles and jets respectively.
These detailed measurements at low- and high-pT provide new insights into the hydrodynamic
picture of the Quark-Gluon Plasma and probe the path-length dependence of partonic energy loss
in the dense medium. Fluctuations in the geometry of the initial interaction region are studied
by the measurement of event-by-event v2 − v4 harmonics, as well as by ﬂow harmonics from the
cumulant method. Additional information on initial geometry ﬂuctuations is provided by mea-
surement of the dipolar ﬂow (v1), as well as by the correlations of two and three reaction plane
angles of diﬀerent orders harmonics.
Keywords: Quark-Gluon Plasma, elliptic ﬂow, directed ﬂow, event-by-event ﬂow harmonic
ﬂuctuations, reaction plane correlations, two-particle correlations, cumulants
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Figure 1: Centrality dependence of v2 integrated over transverse
momenta pT > 0.03 GeV from the tracklet method, ID tracks over
0.5 < pT < 5 GeV, and over several pT ranges for pixel tracks
as denoted in the legend [3]. Measurements from CMS integrated
over 0.3 < pT < 3 GeV are also shown [5].
Figure 2: Integrated v2 as a function of |η|−ybeam
measured by ATLAS [3] and CMS [5] for Pb-
Pb collisions at 2.76 TeV and by the PHOBOS
experiment [6] at RHIC for Au-Au collisions at
200 GeV.
where φ is the particle azimuthal angle and Φn represents the reaction plane angle (phase) of nth
order ﬂow harmonic, vn. The second harmonic, called elliptic ﬂow (v2) and higher-order ﬂow
harmonics characterize the “elliptical” shape of the initial interaction region and its higher modes
related to event-by-event ﬂuctuations, respectively.
The design of the ATLAS detector [1] makes it an excellent tool for the measurement of
the azimuthal anisotropy. In the 2010 heavy-ion run ATLAS recorded with a minimum bias
trigger [2] a large sample of ∼50M Pb-Pb collisions at energy of √sNN=2.76 TeV which is used
for analyses presented in this report. In ATLAS, ﬂow phenomena are explored with charged
particles reconstructed in each event within the inner detector (ID tracks) consisting of silicon
pixel detectors and a semiconductor microstrip tracker (SCT) and covering wide pseudorapidity
range (|η| <2.5). The inner detector is immersed in a 2 T axial magnetic ﬁeld. The ID track
transverse momentum acceptance is limited by a minimum pT of 0.5 GeV. To extend the pT range
we also reconstruct charged particles using only the pixel detector (Pixel tracks) of minimum
pT ≈ 0.1 GeV, as well as tracks formed from hits of the ﬁrst two layers of the pixel detector,
constrained by the position of the primary vertex (tracklets). The tracklet minimum pT reach,
about 0.03 GeV, is the lowest for the data without magnetic ﬁeld [3].
In the event plane (EP) method [4], ﬂow harmonics are measured by correlating azimuthal
angles of the reconstructed tracks with the event plane angles obtained from forward calorime-
ters (3.2 < |η| < 4.8). A large pseudorapidity gap (Δη > 3.2) between the tracking system
and forward calorimeters signiﬁcantly reduces contributions from short-range non-ﬂow eﬀects.
The integrated elliptic ﬂow as a function of centrality, obtained with tracklets integrated over
transverse momenta pT > 0.03 GeV using the EP method [3], is shown in Fig. 1. The results
are compared to the v2 measured with pixel tracks and ID tracks of higher pT thresholds as
well as to the CMS [5] v2 integrated over 0.3 < pT < 3 GeV well consistent with v2 measured
with pixel tracks integrated over 0.3 < pT < 5 GeV. The sensitivity to the low-pT threshold is
clearly visible. The large pseudorapidity acceptance of the ATLAS detector allows to study the
extended longitudinal scaling of v2 observed in the rest frame of one of the colliding nuclei by
the PHOBOS experiment at RHIC [6]. In Fig. 2 the pseudorapidity dependence of v2 measured
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Figure 3: The comparison of the ATLAS [8, 2], CMS [5] and ALICE [9] measurements of v2 with diﬀerent methods
for Pb-Pb collisions of the centrality bin (40-50)% at mid-rapidity. The v2{2} (v2{4}) results are shown in the left (right)
panel. The middle plot shows the comparison of the CMS and ATLAS measurements of v2 of the EP method with the
ATLAS v2{2} and v2{4}. Error bars denote statistical and systematic errors added in quadrature.
in ATLAS with tracklets is compared to the CMS results obtained by extrapolating v2 data from
higher transverse momentum to pT =0 GeV. As one can see, the ATLAS and CMS measure-
ments are consistent, however, the ATLAS measurement is also consistent (within systematic
errors) with the extrapolation of the trend observed by PHOBOS.
To measure vn harmonics, the EP method exploits correlations between particles at forward
and mid-rapidity which may not only originate from the anisotropic ﬂow but also from the energy
and momentum conservation, resonance decays, quantum interference phenomena, or jet produc-
tion. To suppress the non-ﬂow correlations using the multi-particle cumulants of higher orders
(>2) was proposed [7] to measure vn. This method does not rely on the EP determination and
by using genuine multi-particle correlations, all lower order non-ﬂow correlations are removed.
Recently, in ATLAS the pT - and η-dependence of v2 have been evaluated for (0-80)% centrality
range using two- and four-particle cumulants [8]. Figure 3 shows the comparison of the ATLAS
v2 obtained with diﬀerent methods to the results available from ALICE [9] and CMS [5] in the
centrality bin (40-50)%. The two-particle cumulant results (sensitive to the non-ﬂow contiobu-
tions), v2{2}, (left panel of Fig. 3) for transverse momentum below 5 GeV are consistent across
the experiments. For higher transverse momentum CMS reports signiﬁcantly larger v2{2} as
compared to the ATLAS measurements (note that the reference particles in the ATLAS analysis
are all charged particles of 0.5 < pT < 12 GeV and |η| <2.5, while in CMS of 0.3 < pT < 3 GeV
and |η| <2.4 what could lead to diﬀerent results, however, more studies are needed to resolve this
issue). The middle plot shows the comparison of the CMS [5] and ATLAS [2] v2 measurements
using the EP method with the ATLAS v2{2} and v2{4}. As expected [10, 11], v2 from the EP
method is systematically reduced relative to v2{2} as in the EP results the non-ﬂow contributions
(present in v2{2}) are suppressed due the large η gap between the tracking system and FCal used
for the EP determination. Further suppression is observed for v2{4} over the whole pT range. The
right panel presents the v2{4} results which are consistent for the three experiments.
The rapid rise of v2 at low-pT is well understood from hydrodynamic models of heavy-ion
collisions. At large transverse momentum, 8 < pT < 20 GeV, v2 of charged particles was found
to be signiﬁcant and weakly changing with pT [2] reﬂecting variation of the particle yield relative
to the reaction plane due to the jet quenching phenomena. Recently, ATLAS for the ﬁrst time
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Figure 4: v jet2 as a function of pT for the centrality inter-
val (30-40)% [12]. The error bars and the shaded bands
represent statistical and systematic uncertainties.
Figure 5: The dependence of v jet2 on the number of par-
ticipants, Npart , for the transverse momentum interval
80−110 GeV [12].
observed the azimuthal anisotropy of jet suppression via performing measurement of v jets2 [12].
In the analysis jets were reconstructed with R=0.2 anti-kt algorithm and a special procedure to
subtract the heavy-ion underlying event was applied on event-by-event basis. The v jets2 coeﬃcient
was measured in the centrality range (5-60)% by correlating inclusive jet yields with the event
plane determined from the forward calorimeters. Figure 4 shows v jets2 as a function of pT for the
centrality bin (30-40)%. As one can see, signiﬁcant values of v jets2 are observed which weakly
decrease with transverse momentum over the range 45 < pT < 160 GeV. The dependence of
v jets2 on 〈Npart〉 for the pT bin 80−110 GeV is shown in Fig. 5. A reduction of v jets2 in the most
peripheral and central collisions due to small path length variations is observed.
In the ATLAS experiment, the elliptic and higher order ﬂow harmonics were also extracted
via the two-particle correlation method [13, 14]. In this method the azimuthal correlation func-
tion (an example is shown in Fig. 6) is expanded into a Fourier series with coeﬃcients vn,n =
〈cos(nΔφ)〉. It was found out that for pairs of particles separated by more than two units in
pseudorapidity when one particle of the pair has pT <3 GeV, the coeﬃcients v2,2 − v6,6 fac-
torize into ﬂow harmonics, vn,n(paT , p
b
T ) ≈ vn(paT )vn(pbT ), in central and mid-central collisions.
This factorization leads to an interesting observation that the long range (|Δη| > 2) features in
the two-particle correlation function (the “ridge” and “Mach Cone”) are related to anisotropic
ﬂow. However, such a factorization is not expected for v1,1 due to a signiﬁcant dipole contri-
bution from the global momentum conservation. To account for the inﬂuence of momentum
conservation on the two-particle correlations an approximation by a two-component formula
v1,1(paT , p
b
T ) ≈ v1(paT )v1(pbT ) − paT pbT /(M〈p2T 〉) was suggested [15], where M and 〈p2T 〉 are the
mean number and mean p2T of particles in the whole event. Using this two component formula,
dipolar v1 was extracted from the two-particle correlation data for collisions in the centrality
range (0-50)%. As can see in Fig. 7, the extracted vFit1 crosses zero at pT ≈ 1.0 GeV, reaches a
maximum at 4-5 GeV and changes weakly with centrality.
To fully describe the azimuthal anisotropy of particles in Pb-Pb collisions at the LHC energy
not only the elliptic ﬂow, originating from the almond shape of the initial interaction region, is
needed but also the ﬁrst (n = 1) and higher order (n > 2) harmonics related to the event-by-
event (EbE) ﬂuctuations of the nucleon positions in the overlap region. Signiﬁcant values of
v1 − v6 averaged over large event samples imply that the EbE ﬂuctuations in the initial state are
large. To gain more information on the anisotropic ﬂow, recently, in ATLAS the EbE v2 − v4
distributions were measured using charged particles [16]. In this analysis, the azimuthal distri-
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Figure 6: Two-dimensional correlation function for the
5% most central collisions [13, 14].
Figure 7: vFit1 as a function of pT for two selected cen-
trality intervals (0-5)% and (40-50)% [14]. The shaded
bands indicate the systematic error.
Figure 8: The EbE vn distributions in selected centrality bins for n = 2 (left panel), n = 3 (middle panel) and n = 4
(right panel) [16]. The solid curves represent radial projections of 2D Gaussian functions with the mean rescaled to the
measured 〈vn〉. Bars represent statistical errors while shaded bands systematic uncertainties.
butions of charged particles in single events are expanded into a Fourier series with coeﬃcients
corresponding to the single event ﬂow vector components
dN
dφ
∝ 1 + 2
∞∑
n=1
vn cos [n(φ − Φn)] = (1 + 2
∞∑
n=1
vobsn,x cos (nφ) + v
obs
n,y sin (nφ), (2)
where vobsn,x = 〈cos(nφ)〉 and vobsn,y = 〈sin(nφ)〉 are the averages over tracks in the detector ac-
ceptance. In the inﬁnite multiplicity limit and absence of non-ﬂow correlations, the absolute
value of the ﬂow vector vobsn =
√
(vobsn,x )2 + (vobsn,y )2 should correspond to the true vn of the event.
However, due to ﬁnite event multiplicity, the ﬂow vector is smeared randomly around the true
vn. To correct for the smearing, the Bayesian unfolding procedure was applied with a response
function derived from experimental data for each centrality bin [16]. The unfolded distributions
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Figure 9: The centrality (Npart) dependence of σvn/vn for n = 2 (left panel), n = 3 (middle panel) and n = 4 (right
panel) [16]. Each panel shows the results for three pT ranges. The dotted lines at
√
4/π − 1 ≈ 0.523 represent relative
ﬂuctuations of the radial projection of the 2-D Gaussian distribution.
Figure 10: The transverse momentum dependence of the relative elliptic
ﬂow ﬂuctuations for central (left panel) and peripheral (right panel) Pb-
Pb collisions [3]. The systematic uncertainties are shown as hatched
bands.
Figure 11: The centrality dependence
of σv2/〈v2〉 for the pT -integrated elliptic
ﬂow of Pb-Pb collisions [3] compared to
the predictions from [18] (dotted line).
represent the distributions of single event true ﬂow harmonics and provide direct measure of
ﬂow harmonic ﬂuctuations. The unfolded distributions of v2, v3 and v4, normalized to unity, are
shown in Fig. 8 together with solid lines which represent radial projections of 2D Gaussian func-
tions of the mean adjusted to 〈vn〉 from the data. The relative ﬂuctuations obtained from these
distributions, σvn /〈vn〉, where σvn is the standard deviation, are presented in Fig. 9 as a function
of centrality for n =2, 3 and 4 within three pT ranges: pT > 0.5 GeV, 0.5< pT <1 GeV and
pT >1 GeV. As one can see, elliptic ﬂow ﬂuctuations show a strong centrality dependence with
the smallest ﬂuctuations for mid-central collisions (Npart ≈ 200). The largest v2 ﬂuctuations are
observed in the 2% most central collisions which are also consistent with the Gaussian ﬂuctu-
ations of σvn/〈vn〉 =
√
4/π − 1 ≈0.523, shown in Fig. 9 by dashed lines. The ﬂuctuations of
higher order harmonics, v3 and v4 are consistent with the Gaussian limit within the measured
centrality ranges. The relative ﬂuctuations of all harmonics, v2 − v4, are nearly the same for pT >
1 GeV and 0.5 < pT < 1 GeV.
The magnitude of event-by-event ﬂuctuations of ﬂow harmonics can also be measured using
the two- and four-particle cumulant method [7]. Assuming that non-ﬂow eﬀects and σvn are
small as compared to 〈vn〉, it is expected that σvn/〈vn〉 ≈
√
vn{2}2−vn{4}2
vn{2}2+vn{4}2 . The relative ﬂuctuations
of the elliptic ﬂow are presented in Fig. 10 as a function of pT in a wide centrality range [3]. For
the most (5-10)% central collisions σvn/〈vn〉 is independent of pT and for less central collisions
increases with pT . A similar pT dependence of the relative ﬂow ﬂuctuations was also recently
reported by the ALICE experiment [17]. The centrality dependence of the relative v2 ﬂuctuations
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Figure 12: The centrality (〈Npart〉) dependence of the
〈cos 6(Φ2 −Φ3)〉 correlator [20]. The open symbols rep-
resent the ALICE data [21, 22]. The bars and shaded
bands indicate the statistical and systematic errors.
Figure 13: The centrality dependence (〈Npart〉) of the
three-plane 〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 correlator [20]. The
error bars and shaded bands indicate the statistical uncer-
tainty and total systematic uncertainty, respectively.
averaged over pT and η is presented in Fig. 11. The results are compared to the prediction
from the Glissando MC Glauber model [18]. A good agreement of the results with the model
prediction over a large range of collision centralities is observed, except for peripheral collisions
where the model underestimates the relative v2 ﬂuctuations.
Additional information on the initial state ﬂuctuations is provided by the measurement of
correlations between reaction plane angles, Φn, of diﬀerent harmonics which might be sensitive
to the non-linear eﬀects in the hydrodynamic evolution [19]. In the analysis, recently performed
in ATLAS [20], the reaction plane correlations are measured by expanding the relative reaction
plane angle distribution into Fourier series
dN
d(k(Φn − Φm)) ∝ 1 + 2
∞∑
j=1
V jn,m cos [ jk(Φn − Φm)], (3)
where k is the least common multiplier of n and m while V jn,m = 〈cos[ jk(Φn − Φm)]〉 are called
correlators. V jn,m are measured as correlators of corresponding event plane angles divided by the
resolution corrections. The event planes are obtained from the calorimeter and the inner detec-
tor exploiting their entire acceptance of 10 and 5 pseudorapidity units respectively. Figures 12
and 13 show examples of the two- and three-plane correlators. The correlator of the second
and third harmonic‘s reaction plane is very small but signiﬁcant and it is consistent with the
ALICE measurement [21, 22]. The three-plane correlator for mid-central collisions is large and
strongly decreases towards central collisions. A variety of two- and three-plane correlators were
measured in ATLAS. The centrality dependence, for some of them is qualitatively reproduced
by the MC Glauber [23] and KLN [24] models, however a few of the correlators strongly vio-
late the model predictions [20, 25] suggesting that both ﬂuctuations in the initial geometry and
dynamical evolution of the medium are important for understanding the data.
Summarizing, ATLAS presented a large set of results on ﬂow and correlations in Pb-Pb colli-
sions at the LHC energy of
√
sNN = 2.76 TeV. Signiﬁcant v1−v6 harmonics for charged particles
were obtained in broad pT , pesudorapidity and centrality range with a variety of methods. Using
the EP method, elliptic ﬂow was explored within pT range from 0.03-20 GeV up to 45-210 GeV
using charged particles and jets respectively. In particular, for mid-central collisions, in the 110-
160 GeV pT bin signiﬁcant v2 ≈0.025 was measured for jets. The results, both at low- and
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high-pT , provide important constraints on the hydrodynamic expansion and jet quenching mod-
els. The elliptic ﬂow harmonics were also obtained using cumulant expansion of correlations
between two- and four-particles. A reduction of contributions not related to the initial geometry
is observed for v2 studied with four-particle cumulants. The v1 harmonic was extracted from
the two-particle correlation data after separating signiﬁcant dipole contribution from the global
momentum conservation. The extracted vFit1 is negative at low-pT , crosses zero at pT ≈ 1.0 GeV
and reaches a maximum at 4-5 GeV.
To get direct insight into initial state ﬂuctuations, EbE v2, v3 and v4 distributions were mea-
sured in wide centrality range. The largest, Gaussian-like ﬂuctuations (σvn/〈vn〉 ≈ 0.523) are
observed for v2 in the 2% most central Pb-Pb collisions, and for v3 and v4 within the full, mea-
sured centrality range. In mid-central collisions v2 ﬂuctuations are signiﬁcantly smaller than
the Gaussian limit, σvn/〈vn〉 ≈ 0.34 for Npart ≈ 200. Event-by-event ﬂuctuations of the elliptic
ﬂow were also evaluated with multi-particle cumulants as a function of transverse momentum
and centrality. Interestingly, in the central (5-10)% collisions σvn/〈vn〉 is found constant within
wide transverse momentum range. Important insight into the ﬂuctuations in the initial state are
obtained by studying various correlators of two and three reaction planes of diﬀerent order har-
monics. The centrality dependence of all measured correlators cannot be reproduced by the MC
Glauber or KLN models, therefore, both the ﬂuctuations in the initial geometry and dynamical
evolution of the medium in the ﬁnal state are important to understand these correlations.
This work was in part supported by National Science Centre grant 2011/01/N/ST2/ 04042.
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